Introduction {#sec0005}
============

The anterior cruciate ligament (ACL) is one of the most important structures for stabilizing the knee joint and is one of the most frequently injured ligaments during sports activities.[@bib0155] ACL injury causes great incapacity for the limb and also some long-term problems such as osteoarthritis.[@bib0160] Even after surgical reconstruction and rehabilitation, significant deficits may remain, for example in relation to the knee extensor and flexor muscle strength.[@bib0165]

Muscle weakness subsequent to ACL injury generates imbalances between agonist and antagonist muscles during knee flexion and extension movements. These imbalances often cause difficulty in rehabilitation for individuals undergoing ACL reconstruction procedures. The persistent asymmetry in the torque ratio between knee extensors and flexors that is observed in this situation has shown that it is of great importance to attempt to identify and reverse the causes of persistent muscle weakness subsequent to ACL injury and reconstruction.[@bib0170]

Several factors need to be taken into consideration in relation to recovery of knee flexion and extension strength subsequent to ACL injury. The most important of these factors relate to muscle architecture and the integrity of the origin and insertion of the muscles, along with the efficacy of the neural activity that arrives at the motor plate.[@bib0175], [@bib0180]

Neural factors relate particularly to the efficacy of activation of the motor units during muscle contraction. It is known that the greater the number of motor units recruited through a stimulus is, the greater the resultant muscle generated will also be.[@bib0185] Biomechanically, neuromuscular efficiency is calculated through the relationship between the amount of neural stimulus and the capacity to generate force that a muscle has.[@bib0190]

Thus, the relationship between the muscle force moment and the integrated electromyographic signal (IEMG), which is considered to be the best variable for describing the intensity of the neuromuscular effect during sustained muscle activity, has been used to estimate neuromuscular efficiency (NME).[@bib0195], [@bib0200], [@bib0205] This can be interpreted as an individual\'s capacity to generate a force moment in relation to his level of muscle activation.[@bib0190] Nonetheless, studies involving muscle architecture and electromyographic analysis have demonstrated that results from the vastus lateralis (VL) and biceps femoris (BF) muscles are easier to measure and, especially, more reproducible in relation to their agonists,[@bib0210], [@bib0215] which makes these muscles appropriate representatives of the behavior of the knee extensor and flexor muscle groups, respectively.

The return to normal or to sports activities after ACL reconstruction usually takes place after the sixth postoperative month.[@bib0220] However, patients start to bear weight in open kinetic chain exercises and to subject the ACL to greater tension generally after the sixth postoperative week in accelerated protocols and after the twelfth postoperative week in conservative protocols.[@bib0220], [@bib0225] Despite this, not much data exists regarding the state of neuromuscular efficiency at this stage of the rehabilitation.

Therefore, this study sought to analyze muscle force and IEMG in order to determine the neuromuscular efficiency of the vastus lateralis (VL) and biceps femoris (BF) muscles in patients with ACL injuries at two times: (1) just before the operation; and (2) during the postoperative phase, two months after a procedure to surgically reconstruct the ACL.

Materials and methods {#sec0010}
=====================

The sample was composed of 12 male individuals of mean age 29.27 ± 6.90 year who presented unilateral ACL injuries and who, after the preoperative evaluation, underwent a surgical procedure to reconstruct the ACL, followed by physiotherapy. The surgical procedures were performed by the same orthopedists, using the tendons from the semitendinosus and gracilis muscles as grafts, fixed in the femur by means of the Rigidfix^®^ system and in the tibia using absorbable interference screws, for all the individuals. This study was approved beforehand by the local ethics committee, in accordance with report no. 155/2012-CEP (CAAE 06519712.4.0000.0107).

After the operation, the patients were followed up by specialist physiotherapists, with periodic 60-min sessions twice a week, from the time of hospital discharge until the two-month reassessment.

Assessment protocol {#sec0015}
-------------------

The assessment protocol was carried out just before the operation and two months after the surgical procedure. The data-gathering in relation to muscle strength and electromyography (EMG) was done bilaterally.

The strength evaluations were performed at the Laboratory of Human Movement Research (LAPEMH) of the Physical Rehabilitation Center (CRF) of the State University of the West of Paraná (UNIOESTE). A structure appropriate for this purpose was used. The subject was seated on a high extensor table with the hip flexed at 90°, without contact between the popliteal fossa and the table and/or contact between the lower limbs and the floor. After the patient had been properly positioned, a load cell of 200 kgf coupled to the laboratory wall was fitted to the patient\'s ankle by means of a non-extendable ankle band, in such a way that the force vector was always exerted at 0° in relation to the axis of the load cell. In this position, in which there was restriction of knee movement, the patient was instructed to perform a series of maximum voluntary isometric contractions (MVICs).

While performing the MVICs, with knee flexion and extension, the joint was positioned flexed at 60° (0° = total extension of the knee). The position of the knee was determined with the aid of a fleximeter and all the tests were recorded using a conventional video camera (Panasonic, NV-GS180), positioned perpendicularly at a distance of 1.5 m, in alignment with the intercondylar fossa of the knee, in order to obtain images of the lower limbs in the sagittal plane during the MVICs.

To determine the knee joint angle on the recorded images, three markers of diameter 5 mm were fixed to the lower limbs before the contractions were performed: on the greater trochanter of the femur, knee joint interline and lateral malleolus of the ankle. The video data were gathered at 30 Hz using the VirtualDub software (v.0.9.11). In order to precisely assess the real joint position, the Kinovea software (v.0.8.15) was used.

Three repetitions of the MVICs were performed in each open kinetic chain exercise. The contraction was maintained for 5 s, with resting periods of 120 s, in each direction of movement (extension and flexion). In all the evaluations, the researchers gave verbal encouragement commands in order to stimulate the patients during the isometric contraction.

The analog data relating to EMG and strength were obtained using a 12-channel biological data-gathering system (BioEMG 1100, Lynx, Brazil), by means of the AqDados software (Lynx AqDados v. 7.2), which also had a channel containing data from a light synchronization system that was also gathered by the video camera, in order to identify the time at which the peak force was attained. In preparation for gathering EMG data, the patient\'s skin was shaved and then cleaned using 70% alcohol. The EMG data were gathered using disposable surface electrodes positioned on the bellies of the vastus lateralis (VL) and biceps femoris (BF) muscles, in a bipolar layout.

Data analysis {#sec0020}
-------------

To obtain the EMG data, the interval was limited to 0.25 s before and after the peak force. Following this, the signals were rectified and filtered (third-order Butterworth bandpass filter from 10 to 500 Hz) in order to obtained the integrated EMG (IEMG) signal values for the VL and BF muscles in the time domain over the 0.5 s interval, only for the MVIC in which the greatest peak of isometric force occurred in knee extension and flexion. The signals gathered were processed in the MatLab^®^ environment (Mathworks, USA).

The data obtained in relation to muscle strength were normalized so as to obtain a mathematical projection of greater reliability for the force exerted individually by the VL and BF muscles. For this, the criterion of the equivalent percentage contribution of these muscles in relation to the total physiological cross-sectional area of the respective muscle groups was used. Thus, the proportions of 36% for the VL and 40% for the BF were used as the basis for the entire knee extensor and flexor muscle group (100%), respectively. These percentages followed the pattern described in an *in vivo* study in which the individuals in the sample presented mean age, height and weight similar to those of the patients selected for the present sample.[@bib0230] Subsequently, the muscle force was divided to obtain 50% of the MVIC and the NME of the VL and BF muscles was calculated using the ratio of strength/IEMG, at 50% of the MVIC. This concept started from the assumption that at submaximal contractions of up to 50%, the relationship of force *versus* EMG was constant.[@bib0235]

Statistical analysis {#sec0025}
--------------------

For the statistical analysis, the Shapiro--Wilk test was used to identify the normality of the variables. The independent Student\'s t test was used to identify differences in force, IEMG and NME between the injured and uninjured limbs and the paired Student\'s t test was used to compare variables between before and after the operation (two months postoperatively). The significance limit was established as *p* = 0.05.

Results {#sec0030}
=======

In evaluating the images recorded during the MVICs, no significant differences were found between the operated and non-operated knees either before or after the operation, in relation to the positioning during the MVICs in extension and flexion ([Table 1](#tbl0005){ref-type="table"}).

Taking knee flexion movements as the reference, in comparing from before to after the operation, it was seen that the limb that underwent surgical repair presented significant decreases in IEMG and in BF muscle strength ([Table 2](#tbl0010){ref-type="table"}a,b). On the other hand, in the non-operated limb, while the IEMG decreased, the magnitude of the BF strength was maintained ([Table 2](#tbl0010){ref-type="table"}c).

For the VL muscle, comparing the two times, although the operated limb presented diminished muscle strength after the ACL reconstruction ([Table 2](#tbl0010){ref-type="table"}d), the magnitude of the IEMG did not change. In relation to the non-operated limb, no differences were found in comparing the situations before and after the surgery.

Both before and after the operation, the strength of the BF and VL muscles was diminished in the operated limb, in comparison with the other limb ([Table 2](#tbl0010){ref-type="table"}e--h).

It was found that the NME of the BF in the non-operated limb increased from before to after the operation ([Fig. 1](#fig0005){ref-type="fig"}). Moreover, it could be seen that the NME of the BF in the non-operated limb had increased in relation to the operated limb, at the evaluation two months after the operation. However, no difference in relation to the NME of the VL was found.

Discussion {#sec0035}
==========

Neuromuscular efficiency is related to muscle fiber activation and production of force by a given muscle. Thus, individuals who are capable of producing greater muscle force with lower magnitude of muscle fiber activation are considered to be more efficient.[@bib0240] In the present study, it was sought to measure muscle strength and IEMG, in order to determine the neuromuscular efficiency of the VL and BF muscles in patients with ACL injuries, both before and after the operation.

After the surgical procedure, these patients may have a tendency to protect the operated limb, through limiting their movement of it and the weight borne by it. This may lead to atrophy and weakness of the anterior and posterior musculature of the thigh. Gerber et al.,[@bib0245] observed atrophy and that the quadriceps and biceps femoris muscle strength had diminished by 20% and 30%, respectively, three months after ACL reconstruction, even though the patients were undergoing a rehabilitation process. Their data corroborate the findings of the present study, in relation to the strength and IEMG of the BF muscle of the operated limb, given that diminished strength and neural recruitment were observed after the surgical procedure. This was possibly because at the postoperative evaluation performed two months after the surgical reconstruction of the ligament, the joint was still healing and presented weakness and muscle inhibition.

For the non-operated limb, comparing the pre and postoperative data, it was seen that the electrical activity (IEMG) of the BF muscle also decreased, although without change to the muscle strength. Even though the methodology used did not allow direct measurement, it can be supposed that this result was due to the learned effect caused by the tests performed and also due to the great use of the limb contralateral to the injury after the surgical procedure, given that patients are generally afraid of applying force, thus offloading weight from the operated limb and avoiding moving it after the procedure.[@bib0250] Moreover, the decrease in IEMG without change to the strength of the BF was responsible for the increase in its NME. This effect was probably related to the muscle demand on the contralateral limb generated through excessive use.

However, this was not shown to be valid for the VL muscle, given that no differences in the variables studied were found. This finding, in a certain manner, denotes that the VL muscle on the non-operated side was not greatly influenced by the surgical procedure or by the physiotherapeutic rehabilitation process.

It is important to emphasize that the graft used (from the semitendinosus and gracilis) is the one most commonly used in Brazil. However, the functional results presented do not seem to differ from those from the middle portion of the patellar tendon.[@bib0255]

The muscle force produced is dependent on the joint angle, according to the force--length relationship. Specifically in relation to the knee, it has been well established that the optimum angle for force production is close to 60°.[@bib0260] From the images recorded while the MVICs were being performed, it was certain that there were no significant differences between the joint angles, either in relation to movement or in relation to the assessment time (before or after the operation).

Neuromuscular alterations subsequent to an injury are representative of a complex clinical state, which may be manifested through the presence of muscle inhibition in the uninjured musculature around the compromised joint.[@bib0265] This neural response has two major physiological purposes: (1) to diminish the load around the injured joint, so as to promote protection against new injuries;[@bib0270] and (2) to provide compensatory motor strategies, so as to maintain the functions of the limb in the presence of muscle inhibition.[@bib0275]

These arguments might explain the data found in the present study, with regard to the comparison made between the pre and postoperative stages of the VL muscle in the operated limb, in which there was a decrease in muscle strength without any significant change to the IEMG. This result was possibly due to the presence of muscle inhibition, with the aim of sparing the joint and avoiding early recurrence of the injury.[@bib0280]

Likewise, it is well known that ACL injuries are associated with poor neuromuscular control, which leads to diminution of the proprioceptive information as a function of changes to the efficiency of the mechanical receptors responsible for neuromuscular control,[@bib0285] disturbances of the somatosensory system[@bib0290] and decreased muscle activation and force.[@bib0295] According to Hewett et al.,[@bib0300] coordinated coactivation of the hamstrings and quadriceps has an important role in decreasing the risk of primary injury. This agonist--antagonist balance may protect the knee against recurrent injury to the reconstructed ACL. These physiopathological indications would explain the findings of the present study with regard to comparisons between the limb with ACL injury and the sound limb.

Since the postoperative evaluation of the present study was made only two months after the surgical procedure, the limb was still undergoing recovery. This could be seen from the lower muscle strength found in comparing the limbs analyzed. It was decided to make evaluations two months after the surgical procedure in order to obtain indications of the state of neuromuscular efficiency of these muscle groups at the average time when open kinetic chain exercise procedures are started in most rehabilitation protocols.[@bib0220], [@bib0225] Nonetheless, one limitation of the present study is precisely the lack of evaluation of the subjects after six months, caused by the large loss of subjects that occurred beyond the second postoperative month. Hence, it is recommended that future studies should evaluate NME conditions after this time.

Lastly, the results reported here emphasize the complexity of the process of functional recovery of knee joints that undergo ACL reconstruction and rehabilitation, and the need to be attentive toward recovery of the neuromuscular efficiency of the muscles involved in the joint, before activities at more vigorous levels that might lead to recurrence of the ligament lesion are resumed.

Conclusion {#sec0040}
==========

An increase in the NME of the BF muscle in the non-operated limb was observed two months after the operation. In comparing the limbs, the BF on the non-operated side was more efficient at the postoperative stage. No differences in the NME of the VL muscle were seen.

The force, electromyographic activity and neuromuscular activity data showed asymmetries between the limbs two months after the ACL reconstruction surgery. Thus, at that time, the operated knee was not fit for normal or sports activities. Furthermore, it is worth emphasizing that special attention is needed around the second month after the surgery, during the rehabilitation process, with regard to starting the stage of open kinetic chain weight-bearing, given that the limb still presents diminished neuromuscular efficiency.
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![Means and standard deviations of the neuromuscular efficiency (NME) of the BF and VL muscles at the two times evaluated. The asterisks denote the significant differences that were found (\**p* \< 0.05).](gr1){#fig0005}

###### 

Means and standard deviations of the knee joint angle, recorded during the MVICs at the preoperative and postoperative stages. No significant differences were found.

  Limb           Preoperative   Postoperative                
  -------------- -------------- --------------- ------------ ------------
  Operated       52.44 ± 5.6    65.9 ± 8.8      53.1 ± 7.9   64.9 ± 6.7
  Non-operated   52.49 ± 5.0    65.2 ± 7.3      51.6 ± 6.8   62.8 ± 8.4

Source

: The present authors.

###### 

Means and standard deviations of the integrated electromyography (IEMG) values in mV/sec and estimated force in kgf, exerted by the BF and VL during knee flexion and extension, respectively.

       Limb            Operated               Non-operated                             
  ---- --------------- ---------------------- ------------------- -------------------- ------------------
  BF   Preoperative    1077.56 ± 1004.64^a^   5.66 ± 1.77^b,e^    977.84 ± 531.23^c^   6.23 ± 1.56^e^
       Postoperative   588.78 ± 246.79^a^     4.00 ± 1.06^b,f^    708.40 ± 354.84^c^   6.87 ± 1.57^h,f^
  VL   Preoperative    912.61 ± 714.11        10.41 ± 4.27^d,g^   1028.77 ± 734.34     11.50 ± 2.15^g^
       Postoperative   749.63 ± 430.92        8.70 ± 3.29^d,h^    840.59 ± 415.51      11.23 ± 2.35^h^

The letters represent the significant differences encountered, respectively with their pairs (*p* \< 0.05).

Source

: The present authors.
